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VELOCITY FIELD NEAR THE JET ORIFICE 
OF A ROUND JET IN A CROSSFLOW 

Richard L. Fearn and J. Paul Benson 
University of Florida 


SUMMARY 

Experimentally determined velocities at selected locations near the 
jet orifice are presented and analyzed for a round jet in a crossflow. 
Jet-to-crossf low velocity ratios of four and eight were studied experimentally 
for a round subsonic jet of air exhausting perpendicularly through a flat 
plate into a subsonic crosswind of the same temperature. Velocity measurements 
were made in cross sections to the jet plume located from one to four jet 
diameters from the orifice. Jet centerline and vortex properties are 
presented and utilized to extend the results of a previous study into the 
region close to the jet orifice. 


INTRODUCTION 

In the transition from hover to conventional flight, vertical take-off 
and landing (VTOL) aircraft supplement wing-generated lift with direct thrust 
from lift jets, lift fans or tilt-proprotors. Proposed configurations 
involve the injection of relatively high-velocity jets of air and/or exhaust 
gases into the crosswind caused by the forward motion of the aircraft. The 
interaction between these jets in a crossflow and the aerodynamic surface of 
the aircraft can be described in terms of an interference effect. Qualitatively, 
this interference effect results in a loss of lift and an increment of nose- 
up pitching moment, both of which tend to increase with increasing forward 
velocity of the aircraft. This jet/aerodynamic-surface interference effect 
is one of the significant problems in V/STOL aerodynamics. 

In an effort to understand the basic flow phenomenon of a jet in a 
cross-flow, a series of wind tunnel experiments has been conducted in the 
V/STOL tunnel at Langley Research Center. A round subsonic jet of air 
10.16cm in diameter exhausted through a flat plate into a subsonic crosswind 
of the same temperature. For perpendicular jet injection into the crossflow 
and for a range of jet to crossflow velocity ratios, the pressure distribution 
was measured on the flat plate (ref. 1). An extensive investigation of the 
flow properties in the plume of the jet was conducted. For each jet to 
crossflow velocity ratio studied, the velocity, static pressure and total 
pressure were determined at numerous locations in each of several cross 
sections to the jet plume (ref. 2). 

Based on the results of the first wind-tunnel experiment studying the 
jet plume, a contrarotating pair of diffuse vortices was identified as a 
significant and persistent feature of the flow field. These vortices were 
modeled in such a way that the vortex properties could be inferred from 
selected velocity measurements in the jet plume (ref. 3). It has also been 
demonstrated that the properties of this vortex pair associated with a jet in 
a crossflow can be utilized to calculate the pressure distribution on the flat 
plate for a jet to crossflow velocity ratio of 8 (ref. 4). 
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Similar experiments in the jet plume and data analysis have been conducted 
to study the effect of jet injection on the vortex properties associated with 
a jet in a crossflow (Refs. 5 and 6). 

The purpose of this report is to present and analyze experimental data 
that were acquired in a region closer to the jet orifice than that described in 
reference 2. Experimental velocities and pressures are presented for cross 
sections to the jet plume located in the region from one to four jet 
diameters from the jet orifice. The test conditions were perpendicular jet 
injection into the crossflow and jet-to-crossflow velocity ratios of four 
and eight. Analysis of this data provides experimental information on the 
vortex properties in the important region of vortex roll-up near the jet 
orifice. 


D 



r 

o 


r 

Y 


♦v 


rtf' 


R 


r, r^. 


r 


2 


r 

c 

S 


LIST SYMBOLS 

Diameter of the jet orifice, cm. 

Unit vectors in vortex coordinate system 
(see figure 3). 

Integrated strength of a single Gaussian 
vortex, cm 2 /s. 

Effective vortex strength, cm 2 /s. 

Effective vortex strength nondimensionalized by 
2DU . 

OO 

Effective vortex half-spacing, cm. 

Half-spacing between vortex centers, cm. 

Angle of rake of yaw pitch probes with the Z-axis, 
deg. 

Angle of vortex cross section with the Z-axis, 
deg. 

Effective jet to crossflow velocity ratio. 

Radii in vortex coordinate system (see figure 3), cm. 
Radius of vortex core, cm. 

Arc length along vortex curve, cm. 


U 


Speed of the cross flow , cm/s. 


V 


Projection of velocity vector onto cross section, 
cm/s . 
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X, Y, Z 


Coordinate axes for tunnel coordinate system. 


Yg, Z g or YB, ZB 


Coordinate axes for cross section of 
measurement . 


Y , Z or XV, ZV 
v v 


Coordinate axes for cross section to vortex 
curve. 


6 


Diffusion constant for Gaussian vortex, cm 


-1 


0 ) 


Vorticity, s'-*-. 


APPARATUS 

This experiment was conducted in the Langley V/STOL wind tunnel which 
is a closed return atmospheric tunnel with a test section 4.42 m by 6.63 m. 
Test-section airspeeds for this investigation were approximately 43 m/s for 
R = 4 and 21 m/s for R = 8. 

The jet of air exhausted perpendicularly from a rectangular flat plat 
17.7 D x 29.5 D which was mounted 3.0 D above the tunnel floor ( D= 

10.16 cm is the diameter of the jet). The center of the jet orifice was 
located 11.8 D downstream of the rounded leading edge of the plate and on the 
longitudinal centerline of the plate. 

The jet of air was formed by using a plenum chamber and a 20:1 
convergent nozzle designed to provide a flat velocity profile at the nozzle 
exit. Supply air for the jet was heated so that the temperature at the 
jet orifice would be approximately the same as that of the crossflow. 

Velocity measurements were made with a rake of seven parallel yaw- 
pitch probes mounted 5.08 cm apart on the leading edge of an airfoil. Each 
probe was 20.32 cm long and 0.64 cm in diameter. Five pressure orifices 
were located on the hemispherical tip of each proble, and a ring of six 
interconnected static-pressure ports was located 5.08 cm aft of the probe tip. 

All pressures were measured with pressure transducers which were cali- 
brated with water or mercury manometers. The leads from the pressure ports 
on the probes were connected by plastic tubing to a pressure scanning device 
mounted inside the wind-tunnel sting. Each device consisted of a single 
pressure transducer which could be connected sequentially to each of 48 
pressure tubes. The output of each pressure transducer was fed into a low 
pass filter to attenuate fluctuations in the transducer output signal. One 
second after each static-pressure port was connected to the pressure transducer, 
the signal from the filter was sampled and recorded on magnetic tape. 

A more detailed discussion of the apparatus utilized in this series of 
experiments is presented in references 2 and 5. 
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TEST PROCEDURES AND CONDITIONS 


The probe system utilized for velocity measurements in this series of 
experiments (refs. 2 and 5) is not well-suited for use in the region near 
the jet orifice. The physical size of the probes and their spacing on 
the rake (1/2 D) are too great for the severe velocity gradients encountered 
in this region. Also, there was excessive vibration in the probe support 
system under normal operating conditions when the rake of probes was placed 
in the jet plume near the jet orifice. 

Selected velocity measurements in the region near the jet orifice, however, 
would provide useful information concerning the initial distortion of the 
vortex field and its roll-up into a pair of contrarotating vortices. In an 
attempt to acquire preliminary measurements in this important region with 
the existing probe system, an overlapping placement of the rake of probes was 
utilized to provide a measurement spacing less than 1/2 D, and probe vibration 
was reduced by using guy wires to stiffen the probe support system. The use 
of guy wires reduced the precision of probe placement and disabled two 
degrees of freedom in the remote control of probe location, tunnel yaw and 
tunnel height. Remote control of a limited range of longitudinal motion was 
available. 

Jet to crossflow velocity ratios of 4 and 8 were studied for perpendicular 
jet injection into the crossflow. For each of these velocity ratios, 
measurements were made in one cross section approximately 1 D from the jet 
orifice. For a velocity ratio of 4, measurements were also made in a group 
of 5 closely-spaced cross sections located approximately 2 1/2 D from the 
jet orifice (see figure 1). For a velocity ratio of 8, velocity measurements 
were also made in two groups of closely spaced cross sections to the jet 
plume; a group of 3 cross sections located approximately 3 D and a group of 
:• ross sections located approximately 4 D from the jet orifice (see figure 2). 
Tne remote control of the longitudinal motion of the probe was utilized to 
move the rake from one cross section to another within a group of closely- 
spaced cross sections. Overlapping placement of the rake of probes was 
utilized to obtain a measurement spacing of 1/16 D for the cross sections 
nearest to the jet orifice and a spacing of 1/4 D for the other cross sections 
(see figures 1 and 2) . Lack of remote control of tunnel yaw made it ex- 
cessively time consuming to achieve a fine measurement spacing out of the 
plane of flow symmetry. Measurements out of the plane of flow-symmetry were 
accomplished with two to four wind tunnel yaw locations of the rake of probes. 


VORTEX MODELS 

The contrarotating vortex pair associated with a jet in a crossflow can 
be modeled so that the vortex properties are inferred from selected velocity 
measurements (ref. 3). The velocity measurements presented in this report 
were utilized in these models to infer properties of the contrarotating vortex 
pair in the region near the jet orifice. A brief summary of the vortex 
models presented in reference 3 will serve to define the parameters used to 
describe the vortex properties and as a basis for evaluating the validity of 
the results obtained. 
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Filament Vortex Model . The strength and location of two infinite 
straight vortex filaments are determined by the measured velocities along 
the line of intersection of a cross section of measurement with the plane 
of flow symmetry (ZB axis). This two-dimensional filament vortex model is 
assumed to indicate the properties of the vortex pair at the location of the 
cross section. Although this model provides no description of the distri- 
bution of vorticity in the cross section, it has the advantage of requiring 
relatively few velocity measurements. 


Diffuse Vortex Model. In the diffuse vortex model, the restriction 
that the vorticity be concentrated in a filament is relaxed, and it is 
assumed that each vortex is composed of a Gaussian distribution of vorticity. 
The strength, location, and diffuseness of the vortex pair is determined by 
many measured velocities in a cross section. A sketch of the geometry for 
the diffuse vortex model is shown in figure 3. The projection of the measured 
velocity onto the plane of the cross section is assumed to be the vector sum 
of the velocity induced by the contrarotating diffuse vortex pair and the 
component of the crossflow velocity in the plane of the cross section 



where T 0 is strength of a single isolated diffuse vortex; 3 is the diffusion 
constant; r^ and ^ are distances to a point from the two vortex centers; 
eg » £q , e z ; are unit vectors (see figure 3) . The parameters describing 
vortex |eome¥ry and vortex strength in the velocity equation are varied to 
obtain the least squares best fit between the velocity data and the model. 

For the presentation of results, it is convenient to define the following 
vortex properties: Effective vortex stength is defined as the flux of 

vorticity across the half plane Y v < 0 

tt/2 00 

r = ^-Tr/2^o Y v w(r l 9)r dr d0 (2) 


where w(rj9) is the distribution of vorticity for the contrarotating pair of 
Gaussian vortices. Effective vortex spacing is defined as the centroid of 
vorticity in a half plane of the cross section 
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-tt/2-^o 
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w(r^9)r dr d0 


(3) 


Vortex core size (r^, is defined as the distance from the axis of a single 
Gaussian distribtuion of vorticity to the location of maximum tangential speed. 
The effective vortex strength, effective vortex spacing, and vortex core 
size are related to the diffuse vortex model parameters by 


T = T erf (Bh 0 ), h - ho/ erf (0h o ) , r £ = 1.121/6 


where 


0h f 


2 o 

erf (6h 0 ) = ~q J Q e 


dt 


TT 

is the error function. 


(4) 

(5) 
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RESULTS 


Measured velocities and pressures are presented in the appendix. For 
each point of measurement the three velocity components, static pressure, 
and total pressure are presented in tabular form. Measurements are grouped 
according to jet to crossflow velocity ratio and cross section of measure- 
ment. Graphs representing the velocity measurements in the plane of flow 
symmetry serves to locate the cross sections of measurements. Graphs 
showing also Indicate the measurement grid for each cross section. 

The velocity measurements of the present study can be used in the 
diffuse vortex model (ref. 3) to extend the model-inferred vortex properties 
into the region near the jet orifice. Results of this analysis are shown 
in table 1, The five groups of cross sections are separated by horizontal 
lines in the table. The first three columns of the table serve to identify 
the test conditions by stating the effective jet to crossflow velocity 
ratio, the crossflow velocity and the angle of inclination of the cross 
section of measurement. The results of utilizing selected measured velocities 
from the cross section in the diffuse vortex model are displayed by stating 
the geometry of the vortex distribution and the vortex strength: vortex 
curve location (S/D, Z/D) , effective vortex half-spacing (h/d), radius 
of vortex core (r / D) , vortex curve cross section angle ($ ), and effective 
vortex strength (y = T/2DU ). For use in the diffuse vortex model, it is 
desirable to acquire the velocity measurements in cross sections to the 
vortex curve (<p B = $ ) . The model results, however, are not sensitive to 
relatively small changes in cross section angle. The vortex core radius 
for a Gaussian distribution of vorticity can be related to the parameter 
8 in Eq. 1, r = 1.121/0. The number of velocity measurements from the 
cross section used in the diffuse vortex model (NPTS) were selected from 
the region near the intersection of the vortex curve and the cross section; 
velocities in the high axial velocity component jet core were avoided. 

The vortex properties are considered to be functions primarily of effective 
velocity ratio (R) and arc length along the vortex curve (S/D) measured 
from the jet orifice. Also presented in the table is an indication of the 
ability of the model to fit the experimental data as measured by the 
standard deviation expressed as a percentage of the maximum vortex 
induced velocity in the cross section (SIGMA). 

The vortex properties listed in table 1 and the results of previous 
studies in the far field of the jet plume are shown graphically in figures 
4 through 8. Vortex curves for R = 4 and R «= 8 are shown in figures 4 and 5. 
Figure 6 presents the vortex half-spacing and figure 7, the vortex core 
size. The effective vortex strength for R = 4 and R * 8 is presented in 
figure 8. Note that the effective vortex strength for R « 8 reaches a 
higher maximum value than for R = 4, but that the initial development of 
the streamwise vortex is more rapid for R = 4 than for R ■ 8. 

The diffuse vortex model is two-dimensional and describes streamwise 
vorticity only. In the region near the jet orifice it provides an in- 
complete description of the vorticity field. The numerical values for 
the vortex parameters presented in this report should then be considered 
as a rough description of the streamwise vorticity. 
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It is emphasized that the results presented in the report do not serve 
as an adequate description of the flow field in the near jet region. 

They are intended to be a "first look" to be used for planning more 
detailed experiments utilizing a probe system that is suitable for use in 
the extremely high velocity gradients encountered in this region. The 
results indicate that there is a rapid development of the streamwise vortex 
pair, but the measurement grid is not sufficiently 6mall to calculate 
with sufficient precision the three-dimensional vorticity field. 
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. Figure 3.- Diffuse vortex model geometry, 


Figure 4.- Vortex curve, R*»4. 
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Figure 6. - Vortex half-spacing. 






Figure 7. - Vortex core size 
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Figure 8.- Vortex strength. 


APPENDIX 


EXPERIMENTALLY DETERMINED VELOCITIES AND PRESSURES 
Presentation of Results 

The basic results of this investigation are the measured pressures and the 
velocities determined from them. For presentation, these measurements are 
grouped by cross sections of measurement. Data for R = 4 is presented first, 
followed by data for R = 8. For each jet to crossflow velocity ratio, cross 
sections are presented in order of increasing distance from the jet orifice. 

The results for each cross section of measurement are presented as a single 
figure and a correspondingly numbered table. The (a) part of the figure presents 

the velocity measurements in the plane of flow symmetry and serves to locate the 
cross section of measurement relative to the jet plume. In the (b) part of each 
figure are shown the projections of the measured velocities onto the cross section 
of measurement which serve to indicate the extent of measurement in the cross 
section and to illustrate the development of the contrarotating vortex pair. The 
correspondingly numbered table presents the numerical values for measured velocities 
and pressures. Multiple parts to the table, (a), (b) , (c) , etc. indicate over- 
lapping placements of the rake of seven probes to provide a measurement spacing 
smaller than the probe spacing of the rake. The location of a cross section is 
given by the location of the tip of probe 4 of the rake in the wind-tunnel 
coordinate system (X/D,0,Z/D) and the inclination PHI of the rake with the Z-axis. 
The locations of points within a cross section are given by their coordinates 
(XB,YB,ZB) in a system obtained by rotating the wind-tunnel coordinate system 
through an angle PHI and locating the origin at the tip of probe 4 of the rake of 
seven yaw-pitch probes (See sketch). All coordinates are nondimensionalized by 
the jet diameter D. The velocity determined at each location in a cross section 



Sketch 


is specified by the three components (UB,VB,WB) relative to the coordinate system 
(XB.YB.ZB) and is nondimensionalized by the cross-flow speed UINF. The static 
and total pressures are presented as dimensionless coefficients CP and CPT. 

SYMBOLS 

CP static pressure coefficient, (p - p^) /q ro 

CPT total pressure coefficient, (p t - P t , oo )/q cD 
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Symbols (continued) 


D 

PHI 

P 

P t 

q 

R 

THETA 

UB.VB.WB 

UINF 

X,Y,Z 

XB,YB,ZB 
Subscript : 


jet diameter, cm 

angle between Z and AB axes (same as 41 in main text), deg. 
static pressure. Pa 
total pressure, Pa 
dynamic pressure. Pa 

effective jet to crossflow velocity ratio 

angle that local fluid velocity makes with probe, deg 

XB, YB and ZB components of velocity, m/zec. 

cross-flow speed (same as U in main text and figures), m/s 

00 

Cartesian coordinate system; denotes wind-tunnel coordinate 
system when no subscript is used 

Cartesian coordinate system fixed to rake of probes 
refers to cross-flow condition 
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Index to Figures 


Each figure has a corresponding table which presents the numerical values 
for the experimentally determined velocities and pressures. 


Figure R PHI Comments 

deg 


A1 

4 

87.8 

Cross section approximately 
1 D from jet orifice 

A2 

4 

35.6 


A3 

4 

35.6 


A4 

4 

35.6 

Group of 5 closely-spaced 

A5 

4 

35.6 

cross sections 

A6 

4 

35.6 


A7 

8 

87.7 

Cross section approximately 




ID from jet orifice 

A8 

8 

66.7 


A9 

8 

66.7 

Group of 3 closely spaced 

A10 



cross sections 

All 

8 

■■HM 


A12 

8 



A13 

8 

57.1 

Group of 5 closely-spaced 

A14 

8 

57.1 

cross sections 

A15 

8 

57.1 
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TABLE A5.- TABULATED VALUES OF CROSS-SECTION 
VELOCITIES AND PRESSURES FOR 
R=4 and PHI - 35.6*, cross- 
section 4 






tut 

It It It 

tLl4.lt 

B tL IL 

tL IL tL 

IL tL to. 


V z z < 

27 2 « 

222 «C 

2 2 2 < 

2 2 2 < 

22 2 < 


- *-*- 

— — — •» K 

— — — V- t- 

— — «*» kk 

— fr- K 

— — — *-K 


r> r sa a uj 

d d d a a u: 

Doon aw 

DDDa aui 

DODQ a UJ 

dd Da aw 


V \VUUI 

SVMJuI 

X VSUuX 

swuui 

V VS.UUI 

\S\UUI 


| C J t- 

Off c K 

C CD C K 

m ro c k 

©cr c k 

C <L CD H 


i>* 

D>* 

D>* 

5> x 

D> * 

D> * 



NN <t cm © 

non o n © 

ios«N«n 

© © m n o n 

© © ©K NO 

in 

<fco «>'>•* • 

o © n n — • 

OlflgO ♦ 

K — O 04 • 


© n n — o • 

• 

•«•**© 

• ••••© 

• • • • • n 

• * • • • — 

#•*••— 

• • • • «n 

■" 

O o o O o — 
1 1 

— O oO o — 
1 1 1 

ooooon 

i 

oooo on 
i l I 

ooooon 

1 

000004 

1 


— n — n ® 

onn< ©® 

n — n <r — m 

n o < ©KOJ 

n © © k o 

oK — «n — 

o 

OO^NO 1 • 

— ©cgrno • 

« K M © K • 

N O' 0 <f 0- • 

Nn«oo • 

® © n n o • 

• 

• • • • • © 

• ■ • • * 

• • • • • © 

• ••••« 

• • • • • <t 

« • • • •© 

— 

NO-ON 04 
1 

no-ruoDru 

1 

— o oo ocg 

1 

04 o o — ©rg 
1 

000004 
1 1 

000004 
1 | 


©04©f\4©O4 

— ojKNin© 

n©in©« n 

<v-o4©kk 

N © ©0^« O' 

ncuN n ok 

m 

— oinns • 

4 o s© - • 

©CONN • 

mm ocg © • 

C 4 Mi • 

— ns ^ n • 

• 

• • • • • a* 

***** — 

• • • 3 • & 

• ••••© 

• • • • • If) 

• • » • •© 

o 

— o O in — rg 
1 1 1 

O o O — 04 © 

i i 

MOON in — 
1 

— oon— — 
i ( i 

o OO© o « 
1 1 1 

— oo — on 
1 l l 


c o 
\ • 
c © 

Kl 


tr> 


0 

1 


©onincgn 
n — o<\io - 

• • • • ♦ o 

OO-NW-C 
t I I 

© o^inn • 

• • • • • o 
© O — N — © 

l i t 

04 — m©mn 
k o ©Nn • 

• • • • • cvi 
OOO- — < 

I I 

* rj © © n k 
n mm o co m • 

• • • • • in 
oooo — 

llti 


n cmoNoj 

< oojnm • 

• • • • • o 
©O -N-K 

• I 

-*<vir> — &o 

KOOOIf • 

• • • • • n 

00004 — ID 

I I 

® c\4 ego no 
K O 0404 in * 

• ••••© 

P o o — — — 

I I I 

04 o O' O — © 
<\4 04 n « — • 
• • * • • © 
o o o o — «c 
I I I I 


©NO© — ® 
® 04 n 04 o* • 

• ••••© 
ooonooi 
I I I 

o © in « in to 

org-N- • 
• ••••© 

— oon -o- 
t l ( I 

— n IT. 04 © \0 

— ©n©<c • 
• ••••< 

— © o — o n 
I II I 

m — © <* <* — 
© tn <t in — 9 

• • • • • © 

oooo on 

ini 


awiniftK H 
in — o <f c • 

• • • • *10 
ooon^« 

I M I 

tnn-o<*o 
oorgnN • 
• ••••< 

— o o oj — n 
lilt 

n© onk© 
OlTtfCM*) • 

• • • • *m 

— o oo on 

II II 

04 04 *« — 04® 
© «t in* — • 

• • • • •© 
ooooon 

M M 


on «oo 4 — © 
on ©mn • 

• • • • *04 

— O© — O 4 

I I I 

O04NP® O 
0040040 • 

• * * * •© 

— © — — o * 
till 

N<cn©oj»n 

© «* ©r» •« • 

* • • • * tn 
ooooo« 
I I I 

K 04©© ©© 

© # ©« o • 
••*••© 
ooooon 
I I I 



tf>© © NON 
© * K © «* • 

• • • • *n 
000004 
I I I 

n o © © © © 
*** ono • 
•••••© 
ooooon 
l l i 



Cft O 

in o 

tn o 

in 

o 

tn 

o 

tn 

o 


V. w 

V tu 

s w 

s 

tu 

N 

tu 

N 

tu 


z o 

Z Q 

z o 

X 

o 

Z 

o 

Z 

o 

</) 

4$ <a © — K © 

f\ 4 ©« — K © 

n « © © © © 

m © ©k < © 

• © « ©on © 

N© 4 OM 0 

z 

o • o o » ■ 

O • M O © • 

O lOMC • 

o • :\jk • 

o »oinai • 

O • c\ 4 « © « 

u 

* CVJ • • • ¥1 

• rvi • • • u) 

• rvj • • • u> 

• eg * * • n 

• cv • • «n 

• N • • •¥> 

K — 

« * — o — n 

ft « — o — n 

« « mo — n 

♦ « — o — n 

t c — — — n 

44 - 

— — n 



it ii « H n 
^ooo*« 

e D x>Na 


l. n ti u n 

ZUOOn 

ll«\NM 
It DK> NL 


u. n n « n 

2030- 

asjo-Na 


Ml Ml I 
ZOOO M 
M — \S N I 
ftOx^Na 


It II It B B 
2000 — 

a DxvNa 


40 


TABLE A6.- TABULATED VALUES OF CROSS-SECTION 
VELOCITIES AND PRESSURES FOR R-4, 
AND PHI = 35.6°, cross-section 5 
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TABLE A7.- TABULATED VALUES OF CROSS-SECTION 
VELOCITIES AND PRESSURES FOR R=8 
AND PHI * 87.7°, Cross-section 1 
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TABLE A8. - TABULATED VALUES OF CROSS-SECTION 
VELOCITIES AND PRESSURES FOR R=8 
AND PHI = 66.7°, CROSS-SECTION 1 


5 



Figure A9a.- Symmetry plane velocities, R=8, 
PHI «= 66. 7*., cross-section 2 
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Figure A9b.- Cross-section velocities, R=8, 
PHI = 66.7°, cross section 2 | 


51 



CONDITIONS -1.5 -1.0 -0.5 0.0 0.5 1.0 1,5 


iLlLU. 

kti.li 

© (LlL 

IL 0 U. 

|L IL U 

k IL b 

2ZZ « 

z r r < 

zrz < 

Z2Z « 

7ZZ < 

rzz < 

— V- K 

— 


— — — K N 

— - - NK 


3:3a:w 

Dare aiu 

3:3nii 

333111 

33311U 

33311U 

wsuul 

v \, vuur 

V S VUUI 

\v\uui 

•v WUuI 

\SMIUI 

(TILS N 

ft D I K 

CEE »- 

©ec£ n 

OCB *- 

CCB »- 

3> » 

3»* 

D>* 

3>* 

3>* 

5;>* 

©« tno« <y 

N4 «ON« 

eg © © tr o o 

NN«N»0 

i5®tfion© 

wn eg© — « 

— o o n ry • 

PJO 0—4 . 

py — n o <j • 

ry n n © ry • 

ry — © — — • 

<v — ©r)4 . 

• • • • • #r 







OOOOON OoOOON OOOOON ooooon ooooos ooooon 
III I I II I III til III 


©o> © in n 

©© ©« © © 

©no eg no 

©o—o n© 

© — mo — © 

® ©ry* — © 

<on«t® • 

® — N — in • 

n eg® r- n • 

004©0 • 

nNoc® • 

n — — ■* n • 




• • • • • n 




o o © — — (N *0 — OoOOoO — — ©rg — * OO-OON oo-«*on 

till I I <\l Mi Ml III Ml 

triN^nn ®*n — 00 co — o©©^ < n © <r — — ©kn<©k 

<y * n ry • o <y © — in • * © ^ tn n • © © © o ry • 4 «ncc i mono® • 

• • • • ♦ cc •••••in • • • • • n • • • • • N • • v • • rvj • « • • 

Noryoo — © o — cc — — rj — o < a m ki-onh- oo->*on oo-n-« 

i g> tin i in ill ill 

c«*y©on *n© — ©«non® 4»M<ri4 ©Nn©©n *©Nfyn© 

ir.wo^c • — — « o « • * * n © o • n < o « © • © — 04 n • n n © n © • 

« • • • *cj • • • • *fg • • • • »k • • •« • cc • • • • • <c • • • • • © 

cy o — C o rj — o — * — © no-# o — oo-n-c © o — n — © 

II III II- I » till till 

h-^O'insO' cma — »imn .ms°C( «nokOo 

osnif« • 0 : o <c — in • n^«c»m. nn^Oa- • co ir n f- « • «in«- • 

.■• ...rsi .... .1/) «... . « ■ . • N .... *r> .... ,s 

— O — r) — u"> OO ON — 4 NO-SOI -«ono« ©O — NO O o o — — O 

III III I I I I I I I I I I I I III 


O O IS i< 4 © 

k — n® © \?> 

Ml-IIN <C 

omn-sn 

MBdlO 

hN PI 11)00 

N — ©O — « 

cc o — a. o • 

dl«i< . 

O'NCCtV * 

h t- o^ «g • 

mir — i/i n . 

• ••«« — 

• • • • • © 

• ••••© 

• • * • »4 

• • • • •© 

• • t « •© 

OO O— — 4 
1 1 

oo OO - 

1 i 

000-04 

Mil 

O o o O O <t 

II II 

oo— — on 
II M 

o°“oo« 
1 1 1 

O— — © K © 

©©onoin 

eg — — — « © 

■r. * © — eg m 

ir.©if>NMir 

©nt- ©o« 

Nooiro • 

© o rg^ © • 

K© ©— — • 

k ©rg — • 

© © o + pg • 

©©cn- • 

• • • • • — 


• • • • • o 

i * * • »4 

• • • • 

• « • • #N 

oooo — 

OOOOON 

ooooon 

000004 

ooooon 

OO o oo© 


III I • I I III I I I I Ml IM 


wuviwviViAUinctfiu 
SluXUNIUStDSUJNtU 
X OJOXOXOZOZO 

<1—0 ©.© o — n 0's 4 -oinos ooO'tfiP'N *-oon® nnso^K 

o • © o © • © *soiP • o • m «iOMn • © »©©n • o ncmio • 

«—•••© • —•••© *••#•<’ • — • • • © • «■•••© • —•••© 
® fy o o eg © © cy o o eg © ® eg O O eg © ® eg o o eg © © eg o — ry © © (g o — eg © 

M n ■ It I P 

b. R n n 11 kiMR lM M II M n n It ft p tt It il M M 

ZOOO— Z O O O — 2 DOD- 2000 - ZOOOm zooo- 

R-VWI R-NWI R-NNNX |«\\M P-WM P**\SM 

tDONa a3x>Na s3x>n& c3x>mo asxvNO aDx>N& 


52 
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TABLE A10. -TABULATED VALUES OF CROSS-SECTION 
VELOCITIES AND PRESSURES FOR R=8 
AND PHI = 66.7*, CROSS-SECTION 3 
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TABLE All.- TABULATED VALUES OF CROSS-SECTION 
VELOCITIES AND PRESSURES FOR R**8 
AND PHI = 57.1°, CROSS-SECTION 1 
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TABLE A12 . - TABULATED VALUES OF CROSS- 

SECTION VELOCITIES AND PRESSURES 
FOR R=8 AND PHI ■= 57.1°, CROSS- 
SECTION 2 
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Figure A13b.- Cross-section velocities, R-8 
PHI * 57.1*, cross-section 3 


63 



• T 

4J*- 

to- 

►* r* 
T 
O 
U 


« o 

5 S 

C 4 O 

9 i 

» » (K 

n«m-— n© 


r o co*- 

i-ssvx 

0 3X>Nfi 


o o 
X • 
© o 


i 

© 

7 


•ac-iMn® 

4(M©ON • 
• • • • • © 
oooooc 
III 

cooc«» 

© C ©4)© • 

• • • • a® 

■oon-i 
l i I 

«roNO» 
NCCO« • 

• • • • • © 
NOOCON 

I I I 

M0<4cn« 
in-mio« • 

• • • i tr 

- 0-404 
l I I 

n © ff ©4 © 
— ©n®<M • 

• * • • • O 
-0«NOC 

till 

90N0NV 
9 0 KflO • 

• • • • * 
000-0 4 

I I I 

©4 N ©-© 
N©©n — • 
• • • • «o 
OOOOOtf) 
I I I 



• to U. 

Mt 

IU 

to to to 

to. to.tL 

to. to to. 

to. to to. 


22 Z 4 

2 22 4 

2ZZ 4 

2 22 4 

2 22 < 

22Z 4 

222 4 


— — — ♦- N 

*■*•*■ N >- 

--- N 1- 

— — — *- ♦- 

— -- NN 

— — — *- i- 



333fit UJ 

C. W 

in 

333aQuj 


auj 

DDDailuJ 


XV x IIU I 

v \\uul 

V X X U w I 

N\S UU I 

x x x L/u I 

soul 

S V N OOX 


oic N 

otc N 

©DO 1- 

©cc N 

CCC N 

Co© »- 

©CO N 


3>» 

3>1 

3» 

3>* 

3>* 

3>» 

D>* 


— — n inn 

9 «Kr>-rj 

nn — ©o® 

— o O ©4 o 

N imn on 4 

— on® — © 

©oo me© 

© 

N O O 0- <t • 

© —nor 4 ■ • 

4 n— c n • 

# n © ^ 4 • 

n 4 © 4 0 • 

cvonj-<v * 

nn® o c » 

• 



• • • • • n 

• • « • • n 

• • • • • © 

• • • • • 4 

• • • • • © 

• • • • • o 

*• 

OOO — N 

till 

NO-fl«N 
1 I 

ooo-Nn 
i i 

OOO O — o 
1 ( 1 

OOO oo o 
1 1 1 

— oontv m 

l i 

oo ooo© 
1 I 1 


©4 n®® « 

©4n©« - 


— ©©©©n 

ooffl-nm 

nON®« © 

OOMnN© 

o 

— — — N I- • 

a — © — © • 

— 4 *v O o • 

o © © © r> • 

00 — 00 • 

— MHN N • 

© N © N 4 • 

• 

• • • • • f\. 

••••*© 

• • • • *n 

• • • * • 4 

• • • « • o 


• • • • •© 

— 

©ocm© <t r\j 

©o — ©o — 

row ui« tv 

4 0-44 <M 

n --4©<M 

5 

1 

I 

7 

1 

I 

ooo«-« 


1 1 M 

l I n 

1 IM 

1 - 

1 

1 N 

1 1 1 


OOO' — N © 


nNHn< © 

040000 

Hoi — 4 k 

«NfyN® © 

©o N — n« 

in 

© — C> © © • 

O«(\)on » 

H40N0 • 

4 © © nN • 

© O® CM © • 

O ©MO 4 • 

o © n ra© • 

• 

• • • • • © 

• • * • • 9 

• • • » • 10 

• • • • • 4 

• • • • • 4 

•••••© 

• « • • •© 

o 

noot< — 
i i 

— o — <J rv 4 
1 1 1 

neoon- 

l 

4 OOO — 
1 - 

4 -OOO — 
1 - 

no o® — — 
i 

NOOiflON 
1 1 1 


nn<Moo 


oOinnoi 

O ©O(M<0® 

® mnNCtfi 

4 ©4 —ON 

o ©n 4 ►* n 

o 

a o it. «c in • 

t'Oo — n • 

© — © © © • 

► MJ4 - • 

— © — ©© • 

© — fVN © • 

— (Vi — M— • 


« ■ • • • pg 

i • * ■ • 0 

• • i • • o 

• • • • IN 

•••1*0 

• • « • • o 

• • * • • ® 

o 

oo - n-© 
1 1 1 

0 0 — 4—0 
1 1 1 

— O — 4 — © 
1 1 

— o — © n n 
1 i 

NOONNN 
1 1 

(MOO© — 

1 II 

(MO — O — CM 

1 T i 


*»KN — N n 


«««0«N 

NtfOOlO- 

n ON HoO 

no 4 — on 

©oN-n© 

© 

C — in ©< • 


o 4 in oo • 

© oo or ® « 

© NO«o • 

O CVMV M © • 

— 04 CM4 • 

• 

• • • • t — 

• • « • • r> 

• • • • • N 

• • • • 

• • • • • N 

••••*© 

• • t • • n 

o 

o o - r> - <c 
1 1 

o o — — oo 
1 1 

— © — n o in 
i l i 

---inon 
t l l 

ry oo N — — 
1 1 1 

— — 04 on 
i i 1 

— o - n o © 
i l l i 


© o — N Off 

on — © mo 

no© <oo 

C — — ®® 4 

nniH-o 

— ©no — © 

©4 ® n® © 

o 

o-oo m • 

► omio • 


O a 4 CMO • 

n oo 4 © • 

C ff Off — • 

NOON© • 

• 


• • * « »n 

• • • • • PW 

• • • • • n 

• « • ■ • ® 

• • • • •• — 


— 

1 

oo-ootn 
1 1 

o oo o-n 
l 1 

oooooin 
l l 1 

—oo-o • 
i 1 i 

— — o won 
i i l 

— 00004 
1 1 | 1 

ooo oo o 
1 1 1 


nN © © — © 

cmnnm- 

N©© o — n 

© on xn © 

n no 004 

onrM4 - c 

nn(v ©o ♦ 

r 

oo-lfl- • 

N O o <j c. • 

© n o — n • 

® 4 o r VN • 

OOCV4- • 

<r ©no o • 

©ON ©o • 

# 

• i • • »N 

• • * * • o 

• • • • *o 

• • • • • © 

• • • • • * 

• • » • • D 


— 

oo OO — 

o oo oo 

o OOO O CM 

O OO OO CM 

ooooor, 

o o o o o n 

000004 


I I I 


1111 


I II I 


till 


I I I 



41 O 

« o 

© o 

4) O 

41 O 

4) O 

41 O 


v toi 

V bl 

V. UJ 

X toi 

X W 

X to 

X to 


* o 

* O 

z o 

t a 

T O 

s o 

s o 

4) 

©(MO — — 

— 4(M © — 

N (MO©© O 

© noo© - 

one* ©© — 

© 4 N © © — 

©n®N 4 N 

Z 

© 40 O © • 

O • (M O 4 • 

O • O (M© • 

© *o ©m • 

o * © N © • 

V • (M N 4 • 

O *04*1 • 

o 

• — • • • K 

• — • • • N 

• — • • • N 

• — • • • N 


• — • • • N 

• — • • »N 

N - 

N (m — on© 

«MM — on© 

to n — on © 

N«M-on© 

cryoon© 


©im -- no 

«N 
MJ — 

■ 

» 

i 

1 

l . 

a 

i _ 

► o 

b i m l 

to • n » a 

blllll 

to R i II 1 

to « • n to 

to « » • a 

to a a a i 

2 

z o oo- 

2000- 

ZOOU — 

2000- 

z ooo — 

2000- 

ZOQOm 

O 

■ -WM 

1 

i-WM 

i-xxxi 

• -X vxz 

a-xxxx 

a-Nxxx 

u 

asxNNO. 

e 3 x Nsa 

a ox nno. 

adxtoN a 

a 3 XKNl 

&3X>N& 

ft3X>Nfi 


64 


TABLE A13.- TABULATED VALUES OF CROSS-SECTION 
VELOCITIES AND PRESSURES FOR R-8 
AND PHI = 57.1*. CROSS-SECTION 3 
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TABLE A14 . - TABULATED VALUES OF CROSS-SECTION 
VELOCITIES AND PRESSURES FOR R=*8 
AND PHI «=_ 57.1®, CROSS-SECTION A 
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